The new concept of a rotating fluidized bed in a static geometry opens perspectives for fluidized bed nuclear reactor technology and is experimentally and numerically investigated. With conventional fluidized bed technology, the maximum attainable power is rather limited and maximum at a certain fluidization gas flow rate. Using a rotating fluidized bed in a static geometry, the fluidization gas drives both the centrifugal force and the counteracting radial gas-solid drag force in a similar way. This allows operating the reactor at any chosen sufficiently high solids loading over a much wider fluidization gas flow rate range and in particular at much higher fluidization gas flow rates than with conventional fluidized bed reactor technology, offering increased flexibility with respect to cooling via the fluidization gas. Furthermore, the centrifugal force can be a multiple of earth gravity, allowing radial gas-solid slip velocities much higher than in conventional fluidized beds. The latter result in gas-solid heat transfer coefficients one or multiple orders of magnitude higher than in conventional fluidized beds. The combination of dense operation and high fluidization gas flow rates allows process intensification and a more compact reactor design.
Introduction
Conventional fluidized bed nuclear reactors have been investigated by different research groups because of their inherent safety (1) (2) and their unique mixing ability. The fluidization gas (e.g. pressurized Helium) is used as a coolant. When the coolant flow is too low, the core is packed and subcritical due to a lack of moderation. As the coolant flow increases, the core expands and the reactor becomes critical because of the surrounding graphite that moderates and reflects the neutrons. At a certain coolant flow rate, the reactivity attains a maximum and the reactor becomes subcritical at high coolant flow rates (3) . Modifications of the fluidization chamber design have been proposed to achieve a higher power output (4) .
Typically, to have sufficient strength, the fuel particles are of the Geldart D-type (dense with a diameter in the mm range), resulting in non-uniform and highly unsteady fluidization (3) (5) , i.e. bubbling and slugging. Fluctuations of the power output as a result of spatial and temporal variations of the fluidized bed porosity are reported (6) . Pain et al. (7) showed, however, that due to the slow neutron kinetics of the reactor -a consequence of the long neutron lifetime / large scattering cross sections -the amplitude of the power fluctuations is expected to be small. The power generation in conventional fluidized bed nuclear reactors is limited by the heat transfer capacity of the fluidization gas (5) . The heat transfer capacity depends on the maximum velocity, which depends on the terminal velocity of the particles. The present paper aims to present and investigate experimentally a new fluidization concept, i.e. the rotating fluidized bed in a static geometry, which should allow an increased flexibility with respect to cooling via the fluidization gas, improved gas-solid heat transfer, higher power output, a more compact reactor construction, and process intensification.
Rotating fluidized beds (RFB) balance a radially outwards centrifugal force and a radially inwards gas-solid drag force. The latter results from fluidization gas moving radially inwards from the gas distributors in the outer cylindrical wall of the fluidization chamber to a centrally positioned chimney. Rotating fluidized beds have a cylindrical shape and flow characteristics that are advantageous over those of conventional (i.e. gravitational) fluidized beds for a variety of applications (8) (9) .
The particle bed freeboard surface to thickness ratio is much higher in rotating fluidized beds than in conventional fluidized beds. This allows a more compact reactor construction and very short gas-solid contact times. Furthermore, the centrifugal force being determined by the rotational speed of the particle bed, the centrifugal force can be a multiple of earth gravity, allowing a vertical or horizontal operation and increased fluidization gas and (radial) gas-solid slip velocities without significant solids entrainment by the gas to the chimney (10) . The increased gas-solid slip velocities significantly improve the inter-phase mass and heat transfer. The above explained flow characteristics show that rotating fluidized beds are potentially advantageous for use with very fast or highly exothermic or endothermic reactions (9) , e.g. nuclear reactions. High rotational speeds or centrifugal forces also allow a more uniform fluidized bed operation, without serious formation of bubbles or a slugging bed. In fact, particles may behave like a different Geldart-type in a centrifugal field than in the earth gravitational field. The centrifugal force requires a rotating motion of the particle bed. Rotating fluidized beds investigated so far (named conventional rotating fluidized beds in what follows) (8) (17) , use a motor to rotate the reactor or fluidization chamber fast around its axis of symmetry. The rotating fluidization chamber may be at the origin of mechanical vibrations and makes sealing and particle feeding and removal to or from the fluidization chamber challenging. To overcome these challenges, the new concept of a rotating fluidized bed in a static geometry (RFB-SG) was recently presented (18) (19) . In the present work, the fluidization behavior of a rotating fluidized bed in a static geometry of 1G-Geldart D-type particles is investigated experimentally and theoretically and perspectives for fluidized bed nuclear reactor technology are discussed. Particular attention is paid to the flexibility in the fluidization gas flow rate and cooling via the fluidization gas and to the potential increase of the gas-solid heat transfer coefficient. 
Nomenclature

The Concept of a Rotating Fluidized Bed in a Static Geometry
To introduce tangential fluidization and the rotating motion of the particle bed in the static fluidization chamber, the fluidization gas is injected tangentially via multiple gas inlet slots in the outer cylindrical wall of the fluidization chamber ( Fig. 1(a) ) (18) (19) . On average, the tangential gas-solid drag force balances the shear, resulting mainly from particle-wall and particle-particle collisions. In the vicinity of the gas inlet slots, however, the tangential gas-solid drag force may be large, depending on the difference between the gas injection velocity and the particle bed rotational speed. Radial motion of the fluidization gas through the rotating particle bed is obtained by evacuating the fluidization gas from the fluidization chamber via a centrally positioned chimney ( Fig. 1(a) ). Eventually, radial fluidization of the rotating particle bed can be obtained by balancing the radially inwards gas-solid drag force and the radially outwards centrifugal force. As will be explained further in this work, radial fluidization of the rotating particle bed may, however, not be a must. As will be demonstrated further in this work, the key advantages of rotating fluidized beds in a static geometry come from the combined tangential-radial motion of the fluidization gas through the particle bed and from the fluidized bed operation at high gas-solid slip velocities, advantages that are maintained in the absence of radial fluidization of the rotating particle bed. 
Experimental Set-Up
The experimental set-up is schematically shown in Fig. 1(b) . Pictures are shown in Fig.  2 . A compressor, a pressure and mass flow controller, a gas distribution device, a rotary valve, a solids container and feeder, the rotating fluidized bed apparatus, a cyclone, a filter, and solids recovery vessels can be distinguished ( Fig. 1(b) ). The rotating fluidized bed apparatus, the cyclone, and the filter can be rotated around an axis, allowing operating the fluidization chamber in the horizontal (Figs. 2(b) and 4) or the vertical (Fig. 2(a) ) position. At sufficiently high particle bed rotational speeds, the centrifugal force dominates earth gravity and no difference between operation in the vertical and in the horizontal position is observed. The rotating fluidized bed apparatus consists of three coaxial cylinders or polygons, separating the medium fluidization chamber or reactor from the outer gas distribution chamber and from the inner chimney ( Fig. 2(b) ).
The compressor delivers a maximum air flow rate of 0.33 Nm 3 s -1 and a maximum pressure of 1.8 bar. Due to the pressure drop in the mass flow controller, the gas distribution section, the fluidization chamber, the cyclone, and the filter, the actual maximum gas flow gas inlet gas inlet gas inlet gas inlet gas inlet gas inlet gas inlet gas inlet chimney (outlet) solids outlet solids inlet gas gas gas gas gas gas rate through the experimental set-up is ± 0.27 Nm 3 s -1 . The gas flow rate to the fluidization chamber can be varied and controlled with a mass flow controller. From the gas distribution chamber, the fluidization gas enters the fluidization chamber via multiple tangential gas inlet slots in the cylindrical outer wall of the fluidization chamber (Figs. 1(a) and 2(b)). The solids flow rate is controlled by a volumetric screw feeder and a sealing rotary valve (Figs. 1(b) and 2(a) ). The solids are pneumatically conveyed to the fluidization chamber. The solids enter the fluidization chamber via a solids inlet tube in one of the plexi-glass end plates (Fig. 2(b) ). To facilitate the tangential acceleration of the solids, the solids are fed in the tangential flow direction. The fluidization gas and eventual solids losses leave the fluidization chamber via a quasi-centrally positioned chimney with one single outlet slot ( Fig. 2(b) ) and are sent to a cyclone and bag filter to remove the solids before sending the gas to the vent (Figs. 1(b) and 2(a)). The solids can be removed from the fluidization chamber via a solids outlet tube in one of the plexi-glass end plates of the fluidization chamber ( Fig. 2(b) ). In case of continuous operation, the position of the solids outlet tube determines the position of the fluidized bed free-board. To facilitate the solids outflow, the solids outlet tube is oriented in the tangential flow direction. From the solids outlet, the solids are transported via a transfer leg to a cyclone where they are recuperated ( Fig. 1(b) ). With negligible solids losses via the chimney, the solids residence time in the fluidization chamber can be freely controlled via the solids inlet and outlet flow rate. The fluidization behavior is investigated using two different non-optimized fluidization chamber designs, i.e. a 24-cm and 36-cm diameter fluidization chamber with respectively 24 and 12 gas inlet slots and a cylindrical / polygonal design. The complete characteristics of the fluidization chambers and the solid particles used are summarized in Table 1 . The 5 mm diameter, 2 mm long cylindrical polyethylene polymer particles with a particle density of 950 kg m -3 behave like Geldart D-type particles in the earth gravitational field (1G), the same type of particles that are commonly used in conventional fluidized bed nuclear reactors (5) (20) . As mentioned before, particles may, however, behave like a different
Geldart-type in a centrifugal field (13) . The fluidization behavior is studied visually and using fast digital cameras. The solids feeding rate, the solids losses via the chimney, and the amount of solids recuperated via the solids outlet are measured, allowing to determine the solids loading in the fluidization chamber. The total fluidization gas flow rate, the pressure drop over the fluidization chamber, and the temperature are also measured.
Fluidization chamber length
Number of gas inlet slots (i) 24 (ii) 12 Gas inlet slot width
(ii) 4⋅10 
Experimentally Observed Fluidization Behavior with 1G-Geldart D-Type Particles
Observations of the flow regime at different solids loadings and fluidization gas flow rates allow mapping the conditions at which channeling and slugging (19) occur, as well as the conditions at which a stable uniform rotating fluidized bed is formed. Fig. 3 summarizes the observations for a 24-cm diameter, 13.5 cm long fluidization chamber with the 1G-Geldart D-type polymer particles (fluidization chamber and particle characteristics: see Table 1 (i)). Channeling, i.e. a strongly non-uniform distribution of the particles and the fluidization gas in the axial direction of the fluidization chamber, occurs at the lowest solids loadings. At somewhat higher solids loadings, as a kind of transition to a stable uniform rotating fluidized bed, slugging occurs, i.e. a strongly non-uniform distribution of the particles and the fluidization gas in the tangential direction of the fluidization chamber. Over a broad range of sufficiently high solids loadings, however, a stable and uniform rotating fluidized bed is formed. As seen from Fig. 3 , the fluidization gas flow rate has only a minor impact on the flow regime that is obtained. The flow regime is mainly determined by the solids loading in the fluidization chamber. This is confirmed by experimental observations on the 36-cm diameter fluidization chamber (Table 1 (ii)). The solids loading in the fluidization chamber is most probably sufficiently high to obtain a uniform and stable rotating fluidized bed if the particle bed thickness becomes such that the gradients in the solid phase pressure are able to oppose the gradients in the gas phase pressure field. As will be theoretically demonstrated in the next paragraph, the minor impact of the fluidization gas flow rate on the flow regime (Fig. 3) is due to the similar influence of the fluidization gas flow rate on the centrifugal force, i.e. the particle bed rotational speed, and on the counteracting radial gas-solid drag force, a unique feature of rotating fluidized beds in a static geometry. The typical experimentally observed behavior of rotating fluidized beds in a static geometry at sufficiently high solids loadings of 1G-Geldart D-type polymer particles is shown in Fig. 4 (conditions: Table 1 (ii)). The particles form a stable, dense and uniform rotating fluidized bed. For a fluidization gas flow rate of 0.2 Nm 3 s -1 and solids loadings varying between 0.8 and 1.3 kg, the particle bed rotational speed varies roughly between respectively 4 and 3 rps (rotations per second), corresponding to centrifugal accelerations at the outer cylindrical wall of the fluidization chamber of about 12 to 7 G. The influence of the fluidization gas flow rate on the particle bed rotational speed is to be further investigated. The particle bed is mainly tangentially, but hardly radially fluidized. As will be explained Other conditions: see Table 1 (ii).
in the next paragraph, with the current fluidization chamber design, the ratio of the tangential and radial velocities, so i.e. the ratio of the centrifugal and radial drag force, is too high for the polymer particle bed to be radially fluidized. As seen from Fig. 4(a) with a large exposure time, the particle motion is, however, complex and vigorous. As a result of the combination of the tangential and radial motion of the fluidization gas through the particle bed, the particles are well-mixed. By the absence of true radial fluidization of the particle bed, the radial bed expansion is very limited, despite the high radial fluidization gas velocities and radial gas-solid slip velocities (up to 4 m s -1 ). Furthermore, experiments at different fluidization gas flow rates in the range 650-850 Nm 3 /h show that the radial bed expansion is hardly affected by the fluidization gas flow rate. As such and as will be theoretically confirmed in the next paragraph, rotating fluidized beds in a static geometry offer increased and extreme flexibility with respect to the fluidization gas flow rate and cooling via the fluidization gas. This is an important feature with respect to nuclear reactor technology, as the operation of conventional fluidized bed nuclear reactors was shown to be stable with respect to small variations of the coolant mass flow rate around the stationary operation points only (20) . Finally, measurements of the solids losses via the chimney of the rotating fluidized bed in a static geometry show that the absence of radial fluidization of the rotating particle bed results in very good gas-solids separation with no, i.e. zero, particle losses via the chimney. Summarizing, experimental observations show that rotating fluidized beds in a static geometry offer remarkable bed uniformity when fluidizing 1G-Geldart D-type particles (Fig. 4) . This is a major advantage over conventional fluidized beds, where bubbling or slugging occur (3)(5)(6) . Other major advantages over conventional fluidized beds are the extreme flexibility in the fluidization gas flow rate and the high average radial gas-solid slip velocities at which rotating fluidized beds in a static geometry can be operated without solids entrainment by the gas to the chimney. As will be theoretically demonstrated further in this work, this results in significantly improved gas-solid heat and mass transfer coefficients.
The fluidization behavior with more heavy 1G-Geldart D-type particles is to be further investigated, but requires a more powerful compressor and, eventually, operation at higher pressures. For the fluidization behavior with 1G-Geldart B-type particles, reference is made to De Wilde and de Broqueville (19) .
Theoretical investigation of the hydrodynamic characteristics of rotating fluidized beds in a static geometry
The specific hydrodynamic characteristics of rotating fluidized beds in a static geometry are related to a similar influence of the fluidization gas flow rate on the centrifugal force and on the counteracting radial gas-solid drag force.
Assuming a solid body type rotational motion of the particle bed, the centrifugal acceleration is given by:
, where r is the radial distance from the central axis of the fluidization chamber and ω is the average particle bed rotational speed (in radians per second). In rotating fluidized beds in a static geometry, ω is related to the fluidization gas flow rate and to the fluidization chamber design and can be estimated from:
, where G is the fluidization gas flow rate, <n> is the average number of rotations made by the fluidization gas in the particle bed, s gs is the tangential gas-solid slip factor, <r> is the average radial distance of the particle bed to the central axis of the fluidization chamber, R is the outer fluidization chamber radius, R freeboard is the radial distance of the particle bed freeboard to the central axis of the fluidization chamber, L is the fluidization chamber length, and <ε s > is the average particle bed solids volume fraction. De Wilde and de Broqueville (19) observed that the average number of rotations made by the fluidization gas in the particle bed <n> is mainly determined by the number of gas inlet slots, most of the fluidization gas injected via a given gas inlet slot being pushed towards the central chimney of the fluidization chamber when approaching the following gas inlet slot. As such:
<n> ~ [number of gas inlet slots]
The tangential gas-solid slip factor s gs is defined as:
s gs is mainly determined by the shear due to particle-particle and particle-wall collisions. An expression for s gs is not straighforward to derive and is beyond the scope of the present work. Therefore, in the analysis that follows, a constant value of s gs will be assumed. The average radial distance of the particle bed to the center of the fluidization chamber <r> can be calculated from: and shows a square dependence on the fluidization gas flow rate G and a linear dependence on the radial distance from the central axis of the fluidization chamber r.
Assuming that the radial solids velocity is negligible, the radial gas-solid drag force can be calculated from:
The drag coefficient β is given by The tangentially averaged interstitial radial gas phase velocity <u rad > can be estimated from: (14) and logically depends on the fluidization gas flow rate G and on the radial position r in the
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For solids volume fractions below 0.2 and sufficiently high particle Reynolds number Re p , the radially inwards gas-solid drag force is roughly proportional to the square of the (interstitial) radial gas phase velocity (Eqs. (8), (10) and (13)) and, applying Eq. (14) assuming that the average solids volume fraction in the particle bed is not affected by the fluidization gas velocity, to the square of the fluidization gas flow rate G. For solids volume fractions above 0.2 and / or sufficiently low particle Reynolds number or in case the particles are radially not fluidized forming a sort of rotating packed particle bed, the radially inwards gas-solid drag force is roughly proportional to the radial gas phase velocity (Eqs. (8)- (12)) and, applying Eq. (14), proportional to the fluidization gas flow rate G, rather than to its square. A comparison of the dependence of the centrifugal force (Eq. (7)) and the counteracting radial gas-solid drag force (Eqs. (8)- (14)) on the fluidization gas flow rate, shows that in rotating fluidized beds in a static geometry, the radial bed expansion of the particle bed is either not much influenced by the fluidization gas flow rate, or inversely influenced by the fluidization gas flow rate. The latter implies that the particle bed contracts, rather than expands, with increasing fluidization gas flow rate. Furthermore, Eq. (7) and Eqs. (8)- (14) show that the centrifugal force and the radial gas-solid drag force are inversely affected by the radial position in the fluidization chamber, that is, the centrifugal force decreases with decreasing radial distance from the central axis of the fluidization chamber, whereas the radial gas-solid drag force increases with decreasing radial distance from the central axis of the fluidization chamber. This generates the phenomenon of layered fluidization, also observed in conventional rotating fluidized beds (16) (17) .
The above described behavior of rotating fluidized beds in a static geometry, in particular with respect to radial fluidization and the radial bed expansion, was experimentally observed (see previous paragraph and Ref. (19) ) and is reflected in the behavior of the radial minimum fluidization velocity and the radial terminal velocity of the particles. The standard expression for the terminal velocity of the particles in the earth gravity field (23) can be extended to a centrifugal field as:
, with c the centrifugal acceleration. For Re p below 1000, C D can be calculated from Eq. (12), whereas for Re p higher than 1000, Eq. (13) can be used. One of the essential characteristics of rotating fluidized beds in a static geometry being the dependence of the centrifugal acceleration on the fluidization gas flow rate G, the radial terminal velocity of the particles also depends on the fluidization gas flow rate. In fact, applying Eqs. (1) and (6) to Eq. (15) and accounting for their assumptions, at sufficiently high Re p , the radial terminal velocity of the particles is seen to be proportional to the fluidization gas flow rate and to the square root of the radial distance from the central axis of the fluidization chamber:
, the proportionality factor depending on the gas and solid phase properties and the fluidization chamber design.
An expression for the radial minimum fluidization velocity in rotating fluidized beds in a static geometry can be derived by extending the expression of Wen and Yu (22) for fluidization in the earth gravitational field to fluidization in a centrifugal field: In Eq. (18), C 1 = 33.7 and C 2 = 0.0408. To account for the relation between the centrifugal acceleration c and the fluidization gas flow rate G in rotating fluidized beds in a static geometry, Eqs. (1) and (6) 
Eqs. (17), (18) and (20) show that in rotating fluidized beds in a static geometry, the radial minimum fluidization velocity rad mf u increases with increasing fluidization gas flow rate G and with increasing radial distance from the central axis of the fluidization chamber r. Fig. 5(a) illustrates the behavior of the radial minimum fluidization velocity, the radial terminal velocity of the particles and the radial fluidization gas velocity as a function of the fluidization gas flow rate and at different radial positions in the fluidization chamber for the 36-cm diameter fluidization chamber design and the 1G-Geldart D-type of particles experimentally investigated in this work (Table 1 (ii)) and assuming a particle bed thickness of 2.5 cm. Other simulation model parameters can be found in the figure caption. As seen from Fig. 5(a) , for the fluidization chamber design and type of particles studied, the radial fluidization gas velocity in the rotating fluidized bed in a static geometry can be expected to be below the radial minimum fluidization velocity of the particles in the centrifugal field, both over a broad fluidization gas flow rate range and at any radial position in the fluidization chamber, resulting in the experimentally observed absence of radial fluidization (Fig. 4) . Despite the absence of radial fluidization of the particle bed, the phenomenon of layered fluidization is illustrated in Fig. 5(a) , showing that the radial fluidization gas velocity is closer to the radial minimum fluidization velocity of the particles at r = 0.16 m than at r = 0.18 m. The fluidization gas flow rate affecting the tangential and radial fluidization gas velocity in rotating fluidized beds in a static geometry in a similar way, affects as such the radial minimum fluidization velocity, the radial terminal velocity of the particles, and the radial velocity of the fluidization gas in a similar way (Fig. 5(a) ). In fact, Fig. 5(a) demonstrates that under the assumptions of Eqs. (1)-(6), the radial terminal velocity of the particles in the centrifugal field can be more strongly affected by the fluidization gas flow rate than the radial fluidization gas velocity. As a result, for a given design of a rotating fluidized bed in a static geometry, the fluidization gas flow rate can be safely increased, without inducing radial bed expansion or particle entrainment by the fluidization gas to the chimney. This experimentally observed and theoretically confirmed flexibility with respect to the fluidization gas flow rate is an important feature of rotating fluidized beds in a static geometry and opens perspectives with respect to cooling or heating ( a ) (b) Fig. 5 : (a) Radial minimum fluidization velocity, radial terminal velocity of the particles, radial gas phase velocity, and residence time of the fluidization gas in the particle bed; (b) gas-solid heat transfer coefficient; in a rotating fluidized bed in a static geometry. Values shown as a function of the fluidization gas flow rate and at two different radial positions in the particle bed. Calculated according to (a) Eqs. (14), (16)- (18), and (20); (b) Eqs. (14) and (23) Table 1 (ii). 16 . 0 = of the particle bed via the fluidization gas. Furthermore, a comparison with the terminal velocity of the particles in the earth gravitational field (9.94 m/s) shows that in rotating fluidized beds in a static geometry, radial terminal velocities of the particles one to several orders of magnitude higher than the terminal velocity of the particles in conventional fluidized beds can be generated, implying proportionally higher allowable radial gas-solid slip velocities. As will be shown in the next paragraph, this is advantageous for gas-solid heat transfer.
It should be remarked that the absence of radial fluidization with the fluidization chamber designs and the 1G-Geldart D-type particles studied (Table 1) is also reflected in a difference between the centrifugal pressure drop over the fluidization chamber and the actual radial pressure drop over the particle bed. The centrifugal pressure drop over the fluidization chamber ∆P centrifug , mainly results from the weight of the particle bed in the centrifugal field and can be estimated from the observed particle bed rotational speed (Eq. (7)). The actual radial pressure drop over the particle bed ∆P rad / bed can be estimated from the average radial gas-solid drag force in the fluidization chamber per cubic meter particle bed (Eqs. (8)- (13)) which can be estimated from the fluidization gas flow rate and the fluidization chamber dimensions (Eq. (14)):
The experimental observations with the 1G-Geldart D-type polymer particles show that ∆P rad / bed is about a factor 5 to 10 smaller than ∆P centrifug . The difference between the centrifugal pressure drop over the fluidization chamber and the radial pressure drop over the fluidization chamber confirms the lack of radial fluidization. This pressure drop difference is carried by the cylindrical outer wall of the fluidization chamber.
It should be emphasized that the absence of radial fluidization of the particle bed is not necessarily a disadvantage when using rotating fluidized beds in a static geometry in practice. Even in the absence of radial fluidization of the particle bed, full advantage of the centrifugal force can be taken by operating at higher gas-solid slip velocities than in gravitational fluidized beds. The flexibility in the fluidization gas flow rate and the excellent particle bed mixing are also maintained. Fig. 5 (a) also shows the gas phase residence time in the particle bed. The high fluidization gas velocities and, hence, fluidization gas flow rates that can be used in rotating fluidized beds in a static geometry allow gas-solid contact times one to several orders of magnitude lower than in conventional fluidized beds, suggesting the use of rotating fluidized beds in a static geometry for very fast heterogeneous reactions. Furthermore, the use of rotating fluidized beds in a static geometry allows to increase the reaction rate of heterogeneous reactions. Considering either endothermic or exothermic reactions, high reaction rates require a sufficiently fast supply respectively removal of the heat of reaction to or from the locus of reaction. Both internal, that is, within the often porous particles, and external, that is, between the bulk gas and the external particle surface, heat transfer limitations can be encountered. One way to reduce internal heat transfer limitations, is by decreasing the size of the particles, provided that this does not affect the quality of the fluidization. Qian et al. (13) and Watano et al. (11) have shown that the quality of fluidization can be maintained with smaller particles when fluidizing in a centrifugal field. In fact, when fluidizing in a centrifugal field, a shift in the Geldart classification is observed, allowing the fluidization of even micro-and nano-scale particles in a sufficiently strong centrifugal field (8) . External heat transfer is characterized by the gas-solid heat transfer coefficient and is strongly related to the gas-solid slip velocity. Therefore, as follows from Fig. 5 (a) and as fluidization gas flow rate, characteristic for rotating fluidized beds in a static geometry (19) , plays a crucial role in the flexibility towards the fluidization gas flow rate and, consequently, in the flexibility towards the gas-solid heat transfer coefficient. Fig. 5 (b) also shows that in rotating fluidized beds in a static geometry, the gas-solid heat transfer coefficient increases with decreasing radial distance from the central axis of the fluidization chamber, i.e. when going from the outer cylindrical wall of the fluidization chamber towards the chimney, due to the increase of the radial gas phase velocity (Eq. (14) and Fig. 5(a) ). This may be advantageous if the temperature difference between the fluidization gas and the particle bed ((T g -T s ) in Eq. (22)) is the most pronounced near the outer cylindrical wall of the fluidization chamber where the fluidization gas is fed and the least pronounced near the chimney where the fluidization gas leaves the fluidization chamber. Finally, the similarity between gas-solid mass and heat transfer (23) allows to assume a similar improve and flexibility in the gas-solid mass transfer coefficient than in the gas-solid heat transfer coefficient when using rotating fluidized beds in a static geometry. Summarizing, Fig. 5 demonstrates that rotating fluidized beds in a static geometry can be operated at much lower residence times of the fluidization gas in the particle bed and at much higher gas-solid slip velocities and gas-solid heat transfer coefficients than conventional fluidized beds. The unique combination of dense operation (Fig. 4) at high fluidization gas velocities ( Fig. 5(a) ) and high gas-solid heat transfer coefficients (Fig. 5(b) ) allows a higher power output and makes rotating fluidized beds in a static geometry particularly suited for use with fast and highly endothermic or exothermic reactions or for process intensification. In particular, the characteristics of rotating fluidized beds in a static geometry open perspectives for fluidized bed nuclear reactor technology.
Conclusions
The new concept of a rotating fluidized bed in a static geometry is presented and experimentally investigated using two different non-optimized fluidization chamber designs with large diameter, low density, 1G-Geldart-D type polymer particles, and at different solids loadings and fluidization gas flow rates. A dense and uniform rotating fluidized bed and excellent gas-solid separation can be obtained, provided that the solids loading is sufficiently high, the fluidization gas flow rate only having a minor impact on the flow regime. A theoretical model is proposed that is capable of describing the experimentally observed behavior of rotating fluidized beds in a static geometry and that allows to simulate the influence of the fluidization gas flow rate, the particle characteristics, and some basic fluidization chamber design parameters on the radial fluidization of the rotating particle bed and on the gas-solid heat transfer coefficient.
The fluidization gas driving both the centrifugal force and the counteracting radial gas-solid drag force in a similar way, allows operating rotating fluidized beds in a static geometry over a much wider fluidization gas flow rate range than conventional fluidized beds at any chosen sufficiently high solids loading, offering increased flexibility with respect to cooling or heating via the fluidization gas. Furthermore, the centrifugal force can be a multiple of earth gravity, allowing dense operation at high fluidization gas velocities, significantly improved gas-solid heat and mass transfer, and process intensification. As such, rotating fluidized beds in a static geometry open perspectives for fluidized bed nuclear reactor technology.
